This paper reports experimental and numerical studies of a passive microfluidic device that stabilizes a pulsating incoming flow and delivers a steady flow at the outlet. The device employs a series of chambers along the flow direction with a thin polymeric membrane (of thickness 75-250 µm) serving as the compliant boundary. The deformation of the membrane allows accumulation of fluid during an overflow and discharge of fluid during an underflow for flow stabilization. Coupled fluid-structure simulations are performed using MooneyRivlin formulations to account for a thin hyperelastic membrane material undergoing large deformations to accurately predict the device performance. The device was fabricated with PDMS as the substrate material and thin PDMS membrane as the compliant boundary. The performance of the device is defined in terms of a parameter called 'Attenuation Factor (AF)'. The effect of various design parameters including membrane thickness, elastic modulus, chamber size and number of chambers in series as well as operating conditions including the outlet pressure, mean input flow rate, fluctuation amplitude and frequency on the device performance were studied using experiments and simulations. The simulation results successfully confront the experimental data (within 10%) which validates the numerical simulations. The device was used at the exit of a PZT actuated valveless micropump to take pulsating flow at the upstream and deliver steady flow downstream. The amplitude of the pulsating flow delivered by the micropump was significantly reduced (AF = 0.05 for a device with three 4 mm chambers) but at the expense of a reduction in the pressure capability (<20%). The proposed device could potentially be used for reducing flow pulsations in practical microfluidic circuits.
Introduction
Microfluidic systems, which have found importance in a number of applications including biomedical diagnostics [1] [2] [3] , chemical and biological analysis [4] [5] [6] and drug delivery [7] , enable integration and automation of various processes in a single platform. The different processes involving micro-pumping [8] , microvalving, micromixing [9] [10] [11] , microreaction [12] , microdialysis [13] , separation and sorting [14] [15] [16] are typically carried out inside closed fluidic circuits [17, 18] . In such processes, a steady and controlled supply and manipulation of fluids to different locations in a microfluidic system is essential. Various micropumps [19] have been developed to deliver fluids through microfluidic circuits. Dynamic type micropumps [19] such as electrohydrodynamic, electroosmotic or magnetohydrodynamic micropumps produce smoother flow but require ionic fluids or special surface pretreatments. Displacement type micropumps [19] are easier to implement in microfluidic devices as they are less dependent on the fluid properties or surface characteristics. However, the flow delivered by such displacement micropumps is pulsating in nature [20] , which may have significant impact on the various microfluidic processes.
Steady flow is desirable in applications such as flow cytometry where the fluid flow transients affect important performance characteristics such as particle speed, stream alignment and particle detection rate [20] . Sensitivity of high performance liquid chromatography is affected by flow pulsation especially by reciprocating pumps producing a sinusoidal flow profile [21] . Precise metering of reagents in several microfluidic devices is also crucial for chemical and biological reactions. Flow rate accuracy and precision can be directly improved with a steady flow which would allow for more precise flow metering. Thus, it is imperative to develop a suitable mechanism for stabilization of such unsteady flow in microfluidic circuits.
In spite of significant importance of steady flows, particularly in drug delivery [7] , optofluidics [20] , microreactors [12] and microdialysis [13] , the development of mechanisms for flow stabilization in microfluidic devices has not received much attention. Recently, only three different flow stabilization mechanisms have been reported in literature [22] [23] [24] . One of the devices employs a series of hydrophobic narrow capillaries along a microchannel to store liquid during driving pressure oscillations [22] , which could be used for flow stabilization. The limitation of the device is that it works only with aqueous solutions and the hydrophobicity is not retained sometime after fabrication. Another device makes use of trapped air in a side branch channel as compressible cushion to stabilize the flow [23] . Both these devices involve direct air-liquid contact that may lead to contaminations, air dissolution, and liquid evaporation thus limiting the device use. In addition, the frequency responses of these two devices are low due to the oscillation of the fluids inside the side channels. Recently, a flow stabilizer device with a membrane bonded between a drilled glass slide and a polymer chip is reported [24] . However, the device is difficult to fabricate and implement in real microfluidic circuits.
Here, we present experimental and numerical studies of a passive microfluidic device that employs a series of microchambers along a microchannel with a thin polymeric membrane as compliant boundaries. The device takes time-varying flow at upstream and delivers steady flow downstream. First, the device is described and then a numerical model is presented. The effect of various design and operating parameters on the device performance is studied using 3D fluid-structure coupled simulations and experiments. Next, the device is used at the exit of a PZT actuated valveless micropump to take a pulsating flow upstream and deliver steady flow downstream.
Device description
The device comprises a thick PDMS layer bonded with a thin PDMS membrane (i.e. compliant membrane) at its top surface, as shown in figure 1 . The thick PDMS bottom layer (thickness ~8 mm) includes a microchannel and a series of fluidic chambers along the microchannel. The bottom surface of the thick PDMS layer is bonded to a PMMA substrate (2.0 mm thick) for structural rigidity. With this arrangement, the thin PDMS membrane forms the compliant boundaries of the fluidic chambers. If the device is subjected to a pulsating flow at its inlet, the compliant fluidic chambers act equivalent to a capacitor in an electrical circuit to minimize the fluctuations and deliver a steadier flow. During the positive flow (overflow) cycle, the membrane expands to accumulate the additional fluid and during the negative flow (under flow) cycle, the membrane contracts (due to spring back effect) to expel the missing fluid to reduce the fluctuations. It should be mentioned that due to the time constants involved (which is proportional to the response time of the membrane for its expansion), steady flow is not achieved immediately at the outlet but with a delay. The device is easy to fabricate and can be readily integrated in a microfluidic circuit or with a pulsating micropump (at outlet) to deliver a steady flow.
Numerical model
The flow stabilization due to coupled fluid-structure interaction between the fluid present inside the chamber and the thin PDMS membrane is simulated using the ANSYS ™ System Coupling solver. First, pressure and velocity distribution in the flow field is predicted by solving the continuity and momentum equations (reduced Stokes eqn.), which are given as,
where ⎯→ u is the velocity vector, ρ and μ are the fluid density and dynamic viscosity, respectively. It should be noted that the flow is assumed to be incompressible, Newtonian and the convection terms in the momentum equations is neglected due to low Reynolds number (Re ~ 1-10) in the device (so the Navier-Stokes equation reduces to Stokes eqn.). Once the velocity and pressure values are known throughout the domain, structural solver is used to solve for the membrane deformation due to fluidic pressure and viscous forces. The deformation of the thin membrane is solved using the governing equations as follows,
where ε { } el strains that cause stresses, [B] strain-displacement matrix, { } X the nodal displacement vector, { } S stress vector and [D] elasticity matrix. As the membrane is fabricated using PDMS which is a hyperelastic material, the elastic potential or strain energy density function W is a scalar function of the strain or deformation tensors as follows,
where S ij are the components of the second Piola-Kirchhoff stress tensor, E ij are the components of the Green-Lagrangian strain tensor and T ij are the components of the right CauchyGreen deformation tensor. The stress-strain relation for PDMS is non-linear that can be modelled using the Mooney-Rivlin hyperelastic constitutive model, which is stable and capable of handling higher order nonlinearities. Use of MooneyRivlin formulations for modeling PDMS has shown excellent agreement with experimental results even for large value of strains [25] . The Mooney-Rivlin hyperelastic model is based on strain energy methods which consider that the material is incompressible and isotropic. In the model, the strain energy is given as follows [26] ,
The Young's modulus and bulk modulus of elasticity are estimated as follows [26] , Mooney-Rivlin material constants which are obtained from the regression of stress-strain data from experiments, as presented in section 4.2.
A schematic of the solution algorithm is depicted in figure 2 . First, a suitable time step is supplied to the System Coupling solver as the input. The transient analysis of the domain is carried out with fixed time stepping since System Coupling does not support adaptive time stepping. At a fixed time step, FLUENT receives the displacement data from System Coupling and solves for the fluid flow inside the domain to predict the velocity and pressure distribution. The pressure or force data is supplied to the ANSYS solver which solves for the deformation of the membrane. The fluid and structural domains are solved iteratively until the interface force and displacement data get converged. Then, the solver moves on to the next time step. The coupling between the fluid and structural domains involves deforming geometries and moving boundaries that is handled by a moving mesh interface which employs dynamic mesh with spring based smoothing. Hexahedral and tetrahedral mesh elements are used in the solid and fluid regions, respectively and large deflection settings are used. In this transient problem, the SIMPLE solver which utilizes pressure-velocity coupling is used with firstorder implicit formulations. In System Coupling, it is crucial to choose the correct under-relaxation factors (used for restoring stability of the solutions) for the transfer of displacement and force across the interface. The force under-relaxation factor was always kept below 0.3 and the displacement under relaxation factor was kept below 0.2.
The model geometry of the flow stabilizer device and boundary conditions considered for the simulations are shown in figure 3 . In our initial simulations, a periodic flow rate boundary condition in the form of a rectified sine wave is used as the input boundary condition, which is given as
where Q 0 is the flow rate amplitude (in μL min −1 ), t is time and T is the time period (in sec) of the input flow rate cycle. At any instant of time, depending on the flow rate, a parabolic velocity profile is used assuming the flow to be fully developed at the inlet of the flow stabilizer device. In the simulations, a user define function (UDF) is written and implemented to produce the rectified sinusoidal velocity input. Fluid-Solid interface is defined in the structural part and dynamic mesh is defined in the fluid part to account for data transfer across the interface. At the outlet, atmospheric pressure boundary condition is used. Due to symmetry of the domain, only half of the domain is simulated with a symmetry boundary condition at the symmetry plane. The circumference of the membrane assume clamped boundary condition indicating zero deflection and no-slip boundary condition is used at the channel walls and chamber.
Experiments

Device fabrication
The microchannel devices used in the present studies were fabricated with PDMS by following standard soft lithography procedures. A flexi mask designed in AutoCAD LT 2008 was printed at 40 000 dpi (Fineline Imaging Inc., Colorado Springs, Colorado, USA). To ensure rigidity of the mask during photolithography, the mask was fixed onto a thin glass plate. A 4″ silicon wafer (Semiconductor Technology and Application, Milpitas, USA) used for photolithography was cleaned (using RCA1, RCA2 and HF dip followed by DI water rinse) and placed in oven for 2 min at 120 °C to remove moisture. First, a very thin layer (~100 nm) of 1,1,1,3,3,3 Hexamethyldisilazane (HMDS) (Spectrochem Pvt Ltd, Mumbai, India) was spun coated onto the wafer to improve adhesion between photoresist and wafer. Photoresist SU8 2075 (MicroChem Corp, Newton, USA) was spun coated onto the wafer at 2000 rpm for 30 s with an acceleration of 300 rpm s −1 . Soft baking was done at 65 °C for 5 min followed by 95 °C for 10 min. The photoresist was exposed to UV light through the mask for 30 s. Post exposure bake was done at 65 °C for 2 min followed by 95 °C for 8 min. Then, the UV-exposed wafer was developed to obtain the silicon master with SU8 pattern on top of it, which was placed in oven at 100 °C for 30 min to further improve adhesion between photoresist and wafer. PDMS monomer and curing agent (Sylgard-184, Silicone Elastomer kit, Dow Corning, USA) were mixed at a ratio of 10:1 by weight and the mixture was degassed in a desiccators to remove air bubbles trapped during mixing. PDMS was poured onto the silicon master, which was then cured inside a vacuum oven at 75 °C for 4 h. After curing, the hardened PDMS layer (thickness 8 mm) containing the channel structure was peeled off the silicon master and cut to size. Fluidic access holes for the inlet/outlet and the pressure taps were punched using a 1.5 mm biopsy punch (Shoney scientific, Pondicherry, India).
The thin PDMS membrane was manufactured by spin coating of degassed PDMS onto a planar PMMA substrate at 300 rpm for 20 s followed by at 600 rpm for 20 s. The spin coated PDMS was then cured in a vacuum oven at 65 °C for two hours. The thickness of the PDMS membrane was measured to be 125 μm. The thin PDMS membrane was bonded to the PDMS microchannel layer using Oxygen plasma bonding (Harrick Plasma, Ithaca, New York, USA). The thick PDMS layer containing the microchannel structure was bonded to a PMMA substrate (2.0 mm thick) using glue for structural rigidity. Finally, PTFE tubings (Cheminert fittings-VICI, Germany) were glued to the access holes to establish fluidic connection. Devices with single and multiple chambers of diameters 4.0, 6.0 and 8.0 mm were fabricated and tested. The different fabricated devices used in the experiments and simulations have a channel depth of 100 μm and width of 500 µm. Photograph of one such device (three chambers, 6.0 mm diameter) is shown in figure 4.
Mooney-Rivlin coefficients
The Mooney-Rivlin coefficients, namely C 10 and C 01 parameters were obtained experimentally by curve fitting the experimental stress-strain data measured from a uniaxial tensile test using Zwick/Roell tensile testing machine (ZwickiLine Z1.0 TH). A test sample membrane with thickness of 125 µm was used for testing. The test sample membrane had a rectangular shape of width of 17 mm and total length of 11 cm with 4 cm being glued between the grips. Photographs of the test sample membranes before and after the test are shown in figure 5(a) . The grips were pressurized with 0.1 bar to hold the specimen in place. A pre-load of 0.005 N was used and loading rate was controlled at 5 mm min . The force versus displacement curve was recorded which was later converted into a stress-strain curve as depicted in figure 5(b) . By using the in-built curve-fitting tool in ANSYS ™ , the first and second Mooney-Rivlin coefficients were calculated: C 10 was calculated to be 0.226 MPa and C 01 to be 0.209 MPa, which compare well with that reported in literature [27] . In addition, the density and Poisson's ratio of PDMS is taken to be 965 kg m −3 and 0.495, respectively and the yield stress of the PDMS is taken to be 2.24 MPa [27] . These relevant parameters were used in the numerical simulations.
Experimental setup
A line diagram and photograph of the experimental setup used for the flow stabilization experiments is depicted in figure 6 . A programmable syringe pump (540060, TSE Systems, Germany) is programmed with the rectified sinusoidal flow profile presented in equation (8) . The pump provides a timedependent flow which is introduced into the flow stabilizer device. The actual time-varying flow entering the device and the flow at the outlet of the device are measured using a flow sensor (L-1CCM-D, Alicat Scientific, USA). The flow meter has a response time of 2.0 ms and can record flow in the range 20-1000 μL min −1 with an accuracy of 2% full scale. The output of the flow sensor was captured using a RS-232 cable connected to a computer and using Flow Vision software (Alicat Scientific, USA).
Results and discussion
Initial simulations and comparison with experiments
First, numerical simulations were carried out to determine the minimum mesh size required for achieving grid independent solutions. It was found that a solid mesh with minimum 13 000 nodes and 2200 elements and fluid mesh with minimum 100 000 nodes and 20 000 elements provide grid independent solutions. The geometrical parameters and operating conditions of the flow stabilizer device used in the initial simulations is as follows: chamber diameter D c = 6.0 mm and chamber height H c = 100 μm and membrane thickness t m = 125 μm and an input flow rate of amplitude Q 0 = 282 μL min In the subsequent simulation studies, these device geometry and operating conditions are varied and the simulation results are compared with that obtained from experiments.
The flow stabilizer devices used in the simulations and experiments have channel depth of 100 μm and width of 500 µm. The working fluid used in the simulations is DI water with a dynamic viscosity 0.001 Pa-s and density 1000 kg m −3 . The Hyperelastic Mooney Rivlin material model is used for structural simulations of the membrane.
The simulated displacement contours for the membrane and velocity contours for the fluid inside the chamber are presented in figure 8 . It is observed that the displacement of the membrane is maximum at the centre and zero around the edges, as expected. At t = 0.8 s, the maximum deformation at the centre of the membrane is found to be 212 μm. The velocity contours indicate that the average (spatial) flow velocity in the chamber region is negligible as compared to that at the inlet and outlet channel sections, which is due to much larger flow cross-sectional area of the chamber. We know that the inlet velocity (spatially averaged over the flow cross-section) at t = 0.8 s is more than the mean (temporal) inlet flow velocity (calculated based on the mean flow rate). Thus, at t = 0.8 s, it is observed that the average (spatial) inlet velocity is higher as compared to the average (spatial) velocity at the outlet. This is due to the storage of additional fluid inside the chamber due to the upward deformation of the membrane. The variation of maximum membrane displacement (at the membrane centre), inlet pressure, average fluid pressure at the membrane-fluid interface, and von-mises stress in the membrane structure are presented in figures 9 and 10, respectively. From figure 9 , it is observed that the deformation pattern follows the inlet flow rate pattern that the maximum deformation occurs at the peak flow rate and the minimum deformation occurs when the flow rate is the lowest. The frequency of the maximum deformation pattern is same as that of the inlet flow rate. It is interesting to note that the membrane actually never returns to its initial position, i.e. zero displacement position. This is due to the fact that the inlet flow never reverses direction and that the inlet pressure is always greater than atmospheric pressure at the outlet to drive the fluid through the device. The inlet pressure also follows a similar trend as that of the inlet flow rate with the maximum and minimum inlet pressures occurring for the highest and lowest input flow rates, respectively, as shown in figure 9 .
The average fluid pressure at the fluid-membrane interface takes a similar trend as that of the inlet flow rate, as shown in figure 10 . At every instant of time, the membrane pressure is lower as compared to the inlet pressure as the flow always takes place from the inlet to the chamber. The difference between the pressure at the inlet and the membrane pressure is highest when the inlet flow rate is maximum and is lowest when the inlet flow rate is minimum. The stress values are well below the yield strength of PDMS (i.e. 2.4 MPa) and have a positive value always, which eliminates the chances of failure due to fatigue. The maximum hydrostatic pressure that would be exerted in the chamber is calculated to be only about 1.0 Pa, whereas the flow generated by the pump exerts a minimum pressure in excess of 40 Pa (figure 10). Thus, the assumption used in the numerical model that gravity effects are negligible is justified. For the flow stabilizer device with 6.0 mm chamber diameter, a comparison between the time-variation of flow rates used at the inlet and that predicted at the outlet from the simulations is presented in figure 7 . It is observed that the amplitude of the flow rate at the outlet is smaller as compared to that at the inlet because of the stabilization effects produced due to the compliant chamber. However, the frequency of the outlet flow rate is same as that of the inlet flow rate. It is interesting to observe that the outlet flow rate has a time-lag with the inlet flow rate i.e. the peak flow rate at the outlet occurs at a later time as compared to that at the inlet. The time lag can be attributed to the time constant associated with the stretching or relaxation of the membrane to accommodate the overflow or underflow. This time-lag can be explained in terms of the equivalent RC-delay in an electrical circuit. In this case, R represents the hydraulic resistance and C represents the hydraulic capacitance between the inlet and outlet of the flow chamber as follows [27] ,
where l is of the order of the membrane diameter D c and γ is a geometric factor that accounts for the aspect ratio of the thin membrane. Interestingly, the RC delay (0.22 s) calculated using the above equations compares well with that obtained from simulations (0.26 s) within 18%. The experimentally measured time-varying flow rates at the inlet and outlet of the flow stabilizer device are depicted in figure 11 . Although, the syringe pump used for generating a time-varying flow rate is programmed with the flow rate profile shown in figure 7 , due to the inertia of the stepper motor and compliance of the fluidic interface (syringe, tubing and connectors etc) between the syringe pump and the flow sensor (at the upstream of the stabilizer device inlet), the measured inlet flow rate is different from the programmed flow rate profile. As observed, the measured peak flow rate at the device inlet is lower as compared to the programmed peak flow rate and the measured inlet flow rate never returns to zero in contrast to the programmed flow rate profile (shown in figure 8 ). The measured inlet flow rate profile has amplitude of 270 ± 3 µL min −1 (whereas the programmed flow rate amplitude is 282 ± 3 µL min −1 ) and the mean flow rate is 185 ± 3 µL min −1 , which is very close to the programmed mean flow rate. The frequency of the measured inlet flow rate profile is 0.2 ± 0.01 Hz, which is about three-times lower than that of the programmed flow rate profile. In our subsequent simulation studies, we have taken a sinusoidal fit of the actual experimentally measured flow rate profile at the upstream of the flow stabilizer device as the inlet boundary condition, as shown in figure 12 . A close-up view of the comparison between experimental flow rate profile and the predicted simulation results at the stabilizer device outlet is depicted in figure 12 . A close match (within 15%) between the experimental and simulation results is observed which validates the numerical model and simulation methodology. The difference between the experimental and simulation results is attributed to the approximation due to the use of a fitted sinusoidal curve for the inlet flow rate profile.
Effects of design parameters and operating conditions
The effects of various design parameters including the chamber diameter, number of chambers in series, membrane thickness and elastic modulus and operating parameters including the mean input flow rate and outlet pressure, flow rate amplitude and frequency on the flow stabilization performance is studied using experiments and simulations. The flow stabilization performance of the device is characterized in terms of 'Attenuation Factor (AF)', which is defined as follows, 
,max ,min (11) where Q i,max and Q i,min are the maximum and minimum flow rate at the inlet and Q o,max and Q o,min are the maximum and minimum flow rates at the outlet, as shown in figure 7 . For a given pulsating flow, AF = 0 indicates a completely steady flow rate at the outlet and AF = 1 indicates zero stabilization effects and that the input flow rate profile remains unchanged. Thus, a lower value of AF indicates better flow stabilization performance. Figure 13 depicts the effect of chamber diameter and the number of chambers in series on the flow stabilization performance. In the simulations, the chamber diameter is varied and results are compared with that obtained using experiments for 4.0, 6.0 and 8.0 mm diameter chambers. It is observed that chamber diameter has strong influence on the flow stabilization performance (i.e. AF) and a larger chamber diameter leads to much better flow stabilization. From equation (10) it is clear that the capacitance of the fluidic circuit increases as D c 3 and thus with increase in the chamber diameter, the flow stabilization performance is enhanced. The effect of a number of chambers in series on the flow stabilization performance is also studied. In the case of multiple chambers, the AF is determined using the maximum and minimum flow rates at the inlet of the first chamber and the outlet of the last chamber, respectively. The results show that AF decreases with increase in the number of chambers following a nonlinear trend indicating that it is possible to significantly improve flow stabilization performance by adding more number of chambers in series. However, a larger diameter chamber size or number of chambers also gives rise to higher dead volume which is crucial in lab on chip applications. Effect of the chamber size and number of chambers on AF was also predicted from simulations which match well with the experimental data (within 10%). Figure 14 shows the effect of membrane thickness and membrane elastic modulus on the flow stabilization performance. In the simulations, the membrane thickness is varied and the results are compared with the experimental results for membranes of 75, 125 and 250 µm thickness. It is observed that the thickness of the membrane has significant effect on the flow stabilization performance. It is observed that AF decreases with decrease in the membrane thickness thus indicating that a thinner membrane provides better flow stabilization performance. From equation (10) , it is clear that the fluidic capacitance across the chamber increases with decrease in the membrane thickness as t , m 3 which is possibly responsible for improved flow stabilization at lower membrane thickness. However, the smaller slope of the curve at lower membrane thickness indicates that the effect of membrane thickness on the flow stabilization performance is reduced at such smaller membrane thickness. This is possibly due to 'membrane stiffening effect' [28] (i.e. membranes undergoing large deformations restrict further deformation) at such small membrane thickness. Although, membranes of smaller thickness provide better flow stabilization there are some limitations in terms of fabrication and handling. The variation of AF with membrane elastic modulus is also studied. The membrane elastic modulus can be varied by varying the baseto-curing agent ratio [29] . As this ratio increases, the elastic modulus is reduced which leads to smaller AF or better flow stabilization performance. This agrees well with the predictions of equation (10) that the fluidic capacitance increases with a reduction in the elastic modulus (varies as Ẽ 1/ ) thus giving rise to improved flow stabilization. For both effects reported in figure 14 , a good match (within 12%) between the simulation and experimental results is found.
The mean inlet flow rate would depend on the required flow rate which needs to be supplied to the microfluidic device and the outlet pressure would depend on the back pressure of the device downstream. Figure 15 depicts the effect of inlet mean flow rate and outlet pressure on the flow stabilization performance. It is observed that AF increases with increase in the mean flow rate thus indicating that a better flow stabilization is achieved at a smaller mean flow rate. The continuous reduction of the flow stabilization performance with increase in the average flow rate is due to the nonlinear behaviour of the membrane vibrations. The incoming pulsating flow rate leads to vibration of the membrane around a static equilibrium position and the amplitude of this vibration depends on the mean flow rate at the inlet. At higher inlet mean flow rate, the membrane becomes stiffer (thickness range 70-250 µm) due to large deformation effects [28] and thus the membrane vibration amplitude is reduced resulting in a drop in the stabilization performance (or increased AF). It was observed that AF decreases or flow stabilization performance improves with increase in the outlet pressure (varied by adjusting the hydrostatic pressure using a water column at the device exit). For a fixed input flow rate, the deformation of the membrane and thus the fluidic capacitance is higher at higher the outlet pressure thus leading to better flow stabilization. In figure 15 , the simulation and experimental results are in good agreement (within 15%). Figure 16 depicts the effects of fluctuation frequency and amplitude on the device performance. The results show that the AF is reduced with increase in the fluctuation frequency and the effect of the frequency on the flow stabilization performance is significant in the lower frequency range and at higher frequency range this effect becomes small. The characteristic frequency of this device [30] 
2 is estimated to be ~0.03 Hz, where
F h is the hydrodynamic force acting on the membrane and x is the membrane deflection, h is the channel height, μ is the dynamic viscosity and A m membrane area. While operating at a frequency closer to the characteristics frequency, the flow stabilization performance is poor because the membrane does not respond sensitively to the flow fluctuations. The deviation of the simulation results from the experimental data at lower frequencies can be attributed to the neglect of inertia effects in the numerical, which may become significant particularly at large frequencies. Assuming a clamped circular membrane, the undamped natural frequency [30] 
2 of the membrane is about 110 Hz, where D is the flexural rigidity of the membrane and ρ m is the membrane density. Since the fluctuation frequency f is much lower than the natural frequency the neglect of inertia of the fluid and the membrane in the numerical models is justified. The results also show that AF increases with increase in the flow rate amplitude indicating that lower fluctuation amplitude leads to better flow stabilization. The higher AF (or poor stabilization) at higher fluctuation amplitude could be due to large membrane deformation effect (membrane stiffening) at higher amplitudes.
Flow stabilization of a PZT micropump
Finally, the flow stabilizer device was connected at the outlet of a PZT actuated valveless micropump [31] to reduce the amplitude of the sinusoidal pulsating flow delivered by the micropump and supply stable flow at its outlet. A schematic of the experimental setup is shown in figure 17 . The PZT micropump is actuated by applying a sinusoidal input voltage with a maximum peak-to-peak voltage of 30 volts and frequency of 200 Hz using function generator (Agilent Technologies, USA) and a voltage amplifier (PDm200, Piezo drive, USA). The inlet of the micropump was connected with a reservoir containing DI water and the outlet of the micropump was connected to the flow stabilizer device using PTFE tubing. The micropump chamber and the entire fluidic line including the connecting tubing were primed with DI water prior to operation. The flow rate at the upstream (i.e. micropump outlet) and downstream of the flow stabilizer device was recorded using a flow sensor (L-1CCM -D, Alicat Scientific Inc., USA). The pressure capability of the flow delivered by the micropump was measured at the device outlet using a pressure sensor (Omega Engineering Inc., USA). Figure 18 depicts the experimentally measured time varying flow rate at the upstream and downstream of the flow stabilizer device with one and three 4 mm chambers in series. As observed, the flow rate delivered by the micropump is sinusoidal with amplitude ~40 μL min −1 and frequency ~200 Hz. The amplitude of the upstream flow is significantly reduced and the flow becomes relatively steady at the outlet of the flow stabilizer device. The AF of the flow delivered at the outlet of the device with one 4 mm chamber is calculated to be 0.27 and that at the outlet of the device with three 4 mm chambers is calculated to be 0.05. Thus, the stabilizer device with three 4 mm chambers could take the pulsating flow delivered by the micropump and deliver steady flow at its outlet.
The pressure-flow characteristics at the outlet of the stabilizer were measured, as shown in figure 19 . It is observed that while the flow rate remains the same as that at the outlet of the micropump (to satisfy mass conservation), the pressure capability at the outlet of the stabilizer device is reduced as compared to that at the outlet of the micropump. It is found that the maximum pressure (under zero flow condition) at the stabilizer device outlet is ~20% lower as compared to that at the outlet of the micropump.
Conclusions
In this paper, we have reported experimental and numerical studies of a micro flow stabilizer device which enables reduction in flow pulsation in a microfluidic device or system. The flow stabilizer device comprises a chamber with a compliant wall which acts equivalent to a capacitor in an electrical circuit to reduce fluctuations. Numerical simulations were performed using a fluid-structure coupled model to predict the device performance. The Mooney-Rivlin coefficients used in the simulations were obtained from experiments which match well with that reported in literature. For a given sinusoidal input flow rate, the numerical simulations are used to predict the flow rate at the device outlet, membrane displacement, inlet pressure, membrane average pressure and von Mises stress. Simulations and experiments showed that the outlet flow rate has a time-lag with the inlet flow rate, which was explained in terms of the RC-time constant. For a given inlet flow rate profile, the flow rate profile at the outlet predicted using simulations and measured from the experiments were compared and a very good match (within 10%) was found which validated the model. The effects of various design and operating parameters were studied using simulations and experiments. The flow stabilization performance of the device is defined in terms of a parameter called 'Attenuation factor (AF)' whose value is 0 if the amplitude of the outlet flow rate is negligible and 1 if the outlet flow rate has the same amplitude as that of the inlet flow rate. The results showed that AF decreases (i.e. flow stabilization is improved) with increase in the chamber diameter and the number of chambers, which is in agreement with theoretical predictions using the expression for hydraulic capacitance. It has been observed that a smaller membrane thickness and lower elastic modulus (obtained by varying base-to-curing agent ratio) lead to a smaller AF or better flow stabilization. A smaller mean flow rate and higher outlet pressure was observed to provide lower AF or better flow stabilization. Similarly, it is observed that the AF reduces (better flow stabilization achieved) with increase in the fluctuation frequency and smaller flow rate amplitudes. Finally, the device was used in series at the outlet of a PZT actuated valveless micropump to take pulsating flow upstream and deliver steady flow downstream. The amplitude of the pulsating flow delivered by the micropump was significantly reduced (AF = 0.05 using three 4 mm chambers) but at the expense of a reduction in the pressure capability (within 20%). The device could be used for reducing flow pulsations in practical microfluidic circuits.
